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Abstract

Nonlinear economic effects-increasing returns in particular-ean cause unpredictable and sometimes unde­
sirable outcomes in the marketplace. Until recently,however, these effects were largelyignored in mainstream
economic theory. Thispaperexplores theimplicationsof recentwork in this area for renewableenergymarkets,
and for policytoward these markets.

Increasing returns can lead to a self-reinforcing situation, in which increasing market share leads to a more
attractive product, whichleads in turn to further increases in market share. This "virtuous circle," if carriedfar
enough, results in the "lock-in" of that technology. Once lock-inoccurs,no existing technologycan effectively
compete. Thelock-in canbe overcome onlyby a significant shift in technology, consumertastes, or othermarket
factors.

Lock-in applies to renewable markets in twoways: First,conventional technologies, such as fossil-fueledelectric
generating technologies, arealready locked in. As a result, renewable technologies will have difficultypenetrat­
ingthemarketeven when they are cheaper than conventional alternatives. There are severalpossible escapes
from this kind oflock-in, and some can be exploited by appropriate policy instruments.

Lock-in canalsoapplyto themarketshareof a supplier of a giventechnology. This kind of outcomemay have
even more sweepingeffects. We discuss the potential that foreignsuppliers of renewableenergytechnologies
could capture the global market, lockingit in so that suppliers outsidethe leadingcountryfmd it very difficult
to compete. We consider the attributes of renewableenergymarkets that make them susceptible to this kind of
supplier lock-in, andsuggests strategies to address this possibility. One striking conclusionis that the domestic
renewables market couldplaya key role in the success offirms in competingfor global market share.
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Introduction

Economists havelongknown that nonlinear effects can cause complicated and sometimes undesirable outcomes
in themarketplace. Increasing returns canresult inverydifferent results fromthe textbook cases, whichgenerally
assume decreasing retwns. During the past 10 years, someeconomists havefocused increasingly on the details
of thesedynamics, recognizing thatincreasing returns are a feature of manymanufacturedgoods in moderneco­
nomies. This paperwill consider the implications of one of these phenomena, known as "lock-in," for renewable
energymarkets, and will considerthe role ofpolicy in viewofthis effect.

The Concept of Lock-In

Lock-in emerges fromthe details of nonlinearmarket dynamics. The basicdynamic is quite simple: For several
reasons, thechoice of one of severalmarket alternatives by one buyercan often increase the probabilitythat the
next buyer will also choose that alternative. In many circumstances, the choiceof one technology can be self­
reinforcing to the point where it completelydominates the market.

Oneoft-cited example, described byArthur(1990),is the early competition in the videocassette recordermarket.
Thismarket beganwithtwocompeting formats: VHSand Betamax. In the early stages of the competition, both
products exhibited increasing returns: An increase in market share for oneVCR format tendedto increasethe
availability of prerecordedtapes in that format, therebyincreasingthe valueof owning a player for that format
and further increasingits market share. As it turned out, early gains by VHS were amplifiedby this positive
feedback, which eventually led to its overwhelming market share. This kind of initially unstable market can
"choose"aninferior technology overa superioronedueto chanceevents in the early history. (Somehave argued
that the inferiortechnologywas selected in the battle betweenVHS andBetamax.)

The Importance of Lock-In to Policy

Theobservation that an inferior technology can becomelockedin has several implicationsfor policy.' In renew­
ableenergy markets, theseconsiderations lead us to considertwo distinctpossibilities: First, conventional tech­
nologies alreadyhave locked in many energy markets, making penetration by alternatives such as renewable
technologies difficult, evenwhentheyare superior. Second, the successof a supplier in a givenmarket can also
become self-reinforcing, especially wheninnovation and learning are significant. This paper considers the possi­
bility that suppliers in onecountry mightcapture global renewable technology markets by this mechanism; it also
considerspossible responses to this possibility.

Goal of This Paper

Thispaperseeks to identify thepolicy implications of potential lock-inin renewable energymarkets. These con­
siderations willhelpprovide a rationale for an element of technology policy that deals activelywith these markets.
Policydirections will emergefrom the considerationof both lock-inby a technology and lock-inby a supplier.

The ideas are applicable to a wide range of renewable and efficiency technologies, but this paper focuses on
renewableelectric generationapplications. It containsthe followingsections:

• The Influenceof IncreasingReturns on Market Dynamics, which introducessome basic concepts

Cowan (1991) shows how markets can choosean inferiortechnology, even under tight controlby
a central agency.
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• The Potential Market for Renewable Energy, which provides a brief survey ofprojections that illustrate
the potentially large markets for renewable electric generation in the next several decades

• National Economies in the Renewables Marketplace, which reviews the status quo in these markets,
revealing some suggestions of incipient supplier lock-in

• Lock-ill in Renewables Markets, which considers the potential dynamics of renewable electric generation
markets in further detail, considering both types of potential lock-in mentioned above

• Policy Considerations, which considers the policy implications of these market dynamics

• Concluding remarks.
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The Influence of Increasing Returns on Market Dynamics

Context and History

Most standard models ofmarket equilibrium in economicsare based on assumptions of decreasing returns. The
central efficiency results-the neoclassical mathematical proofs of the virtues of the Invisible Hand-rely
strongly on assumptions of decreasing returns to scale and related assumptions about consumer tastes.

Economists have known about situations involving increasingreturns since the earliest formalization of economic
thought, but only recently have serious investigations of increasing returns found their way into mainstream
economic discussion. Beginning in the early 1980s, Brian Arthur and others began to seriously explore the rami­
fications of situations in which increasing returns playa significant role. Not surprisingly, the results differ
radically from the cases in which decreasing returns dominate. The key results under increasing returns can be
described as inefficiency results: the marketplace can choose an inferior technology over a superior one when
lock-in is a possibility.

Arguments based on these considerations recently received increasing public attention when they were used as
part ofthe antitrust case against Microsoft Corporation's proposed acquisition of Intuit, Inc. Not surprisingly,
the advancement of this argument produced a vociferous critique from advocates of a laissez faire, free market
policy." To evaluate this debate on its merits, we now explore the implications of increasing returns in some
detail.

Market outcomes

In a market in which increasingreturns are present, several issues that concern market dynamics can arise. In the
context of the dynamics of the market for renewable energy technologies, two issues concern us: the possible
lock-in ofan existing technology, and the clustering of activities that surround the development and production
ofthese technologies, which leads to groups of suppliers who capture a large fraction of the market.

Lock-In

The literature on technology competitions has focused attention on the possibility that a technology can become
so entrenched thatit is virtually impossible for the market to challenge its dominant position. This phenomenon
is often called technological lock-in.

New technologies typically have three properties: First, users do not understand their value. Second, manufac­
turers do not understand how to produce them well. Third, there is considerable scope for improvement in perfor­
mance. The third feature implies that there is typically a period in which they improve rapidly as more is learned
about them. Learning by doing and learning by using, both of which take place only as the technology is
employed, imply that the more a technology is used, the more improvements are made to it. As it improves, it
becomes more attractive to potential users, which implies that more adopt it, and it is 'used more. This is a
virtuous circle. The snowballing effect that follows can lead to the dominance of one technology: An early lead
can grow to be incontestable, simply because once a technology gets ahead, more has been learned about it, it has
improved more than its competitors, and is more attractive to future users. In short, the technology becomes
locked in.

2 The lock-in argument used in the Microsoft/Intuit case is presented in Reback et al. (1996). The
conservative reaction is expressed in Margolis and Liebowitz (1996).
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Of course it need not be the best technology that be­
comes locked in. For example, if early users have idio­
syncratic needs (as the U.S. Navy needed a compact,
light reactor that would be operational quickly), this
can give a (globally) suboptimal technology an early
lead in use and thus in improvement, such that
alternatives cannot compete.

UnII
Cost

The Market Chooses a
More Expensive
Technology

Figure 1 illustrates another way in which an inferior
technology can be chosen when increasing returns are
present. The figure illustrates two learning curves, giv­
ing unit cost as a fimction of cumulative production for
two competing technologies. As the market develops,
participants see only the current costs of each techno­
logy, not the entire curve. At time A, the technologies
have sold the same number ofunits. Then technology
X gains market share, because its cost is now lower.
This ofcoursedecreases the cost of technology X even
further. By time E, technology Y is driven from the
marketplace. However, technology Y has a lower cost
when fully developed, and it might have been
preferable to adopt this technology.

~
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D "-.. E
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Df the supplyCUMl for TechnoIDgy YIsn_ eICPlOAld. Aller

pointD,noflfll18 are in business produc;ing Technology Y.

Source: Hypothetical Situation

Figure 1

The uncertaintyabout the characteristics ofnew technologies can also lead to lock-in. As technologies are used,
experience resolves these uncertainties. The technology's performance characteristics come to be understood,
so the net benefits of using it are learned. Thus, early in a competition, technology use has an aspect of infor­
mation gathering-fmding out which one is best. Experience with a technology increases the confidence with
which its value can be estimated. When these confidence levels are high, there will be consensus about which
is best, and it will become the dominant technology. Again, it need not be the best that is locked in. An early
string ofbad luck with a good technology (it was badly implemented, badly or carelessly produced, or hit some
freak conditions) will drive down our estimates of its value. We switch to an inferior technology, thinking that
it might be better. If our luck with it is average, we will stick with it. Thus an erroneous early estimate ofthe
value of a superiortechnology,and averageexperience with an inferior one, can lead to the dominance of the less
desirable one. Experience tells us how good the inferior one is, but no experience that would improve our
estimates of the value of the better one is being accumulated.

Another class ofphenomenathat can foster lock-in is what economists call network externalities. 3 Here, increas­
ing penetrationofa technologyenhancesthe value ofthat technology to other consumers. For example, the more
people there are on a telephonenetwork, the more people can be reached by phone, and the more valuable phone
service becomes. Network externalities occur in physical networks, such as telephone systems, and in other
situations where supporting infrastructure or technology standardization is important. Often both network
externalities and learning-curve effects are important in creating lock-in.

3 The term network externalities arose from the study of communications networks, which often
exhibit this phenomenon. The use of the term externality reflects the fact that one consumer's
choices influence other consumers' preferences, as in the telephone network example discussed
below.
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This type of analysis also applies to a situation where a new technology is introduced, or an old one is reintro­
duced. Becausenewtechnologies often have the potential for significant improvement,we can expect that later
generations will provide higher payoffs than do initial generations. Thus early users of a technology provide
benefits for later users, both in bearing the costs of experimentation to fmd out "just how good it is" and in
providing the experience that allows improvements to it. Of course, there is little incentive to provide this service
to later users of a technology. It is risky and the costs may be high. No one wants to be the first user of a new
technology. This makes it difficult for a new technology to break in to a market. Thus, positive feedbacks can
introduce a certain type ofinflexibility into an economy. It can become difficult for an economy,no matter how
dynamic in other senses, to make major changes to its technological regime.

Clustering

Economists havelongbeen aware that economic activity tendsto clustergeographically. This idea has again been
pickedup in economic analysis, and extended and expanded." There are two related explanations for clustering:
the need for specialized inputs, and the importance ofknowledge spillovers.

Specialized Inputs

In a simplemanufacturingindustry, clustering is driven by markets for key inputs. Cutlerymanufacturers need
a certaintypeof steel,andfashiondesigners need button makers. It clearlymakes sound economic sense to have
good sources ofthese inputs nearby. This kind of consideration leads to clusters of activity, as cutlery makers
all want to locate near the best steel makers, and as fashion designers locate near the most progressive button
makers(or moreprobablyvice versa). The simple idea here is that costs ofmanufacturing fall for every firm in
the industry as the industry grows. These external effects are geographicallylocalized to an extent that we can
observe clusters of like manufacturers locating near each other.

In a knowledge-intensiveindustry, in which innovation, R&D, and technical change are important, other types
of specialized inputs exist. Feldman (1994) discusses the importance of patent lawyers, firms doing market
research andfeasibility studies, testinglaboratories, and the presence of appropriate financial capital, all ofwhich
make product development easier. In any industry that has several layers of production, the presence offirms
in other layers can be vital both through learning by using activities (Von Hippel 1988), and through the
availability of specialized inputs.

Knowledge Spillovers

In new or knowledge-intensive industries, where R&D is important, clustering is generated by knowledge pro­
duction. Recentworkshowsthat this clustering can exist independently of clustering in production. A large body
of worknow shows that there are significant knowledge spillovers in R&D intensive industries" These studies
haveseveralrobust,generalresults. First, when measuring the degree to which the R&D or technical innovation
of onefirm canbe ofuse to another firm, geographic distance is very important. The farther firms are apart from
each other, the less they can take advantage of each others' knowledge generation activities. This is true both
whenfirms wishto shareinformation and when they do not. Jaffe (1989) suggests that the distance over which
knowledge"spills" is smaller than the size of a state.

4

5

See for example Arthur (1991), David and Rosenblum (1990), and Krugman (1992).

See for example Jaffe (1989), Jaffe et al. (1993), Glaeser et al. (1992), Prevezer and Swann
(forthcoming) or Audretsch and Feldman (1994).
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Second, when trying to take advantage of the R&D of another firm, it is more important to be geographically
close to it than it is to be in the same industry. If two firms are in related (but not identical) industries, then
knowledge spillovers are important if they are physically close together. Finally, even though knowledge
spillovers create clustering in both innovative and industrial activity, the degree of concentration of innovation
in an industry is positively related to the degree to which the industry is information intensive. We can see two
reasons why innovative activity would cluster. The first is that much knowledge, particularly in industries that
operate on the knowledge frontier, is tacit; It is not written down, but rather embedded in facilities, structures,
and people. This means that transmission ofit, ifit takes place at all, is difficult, and takes place most effectively
through face-to-face communication." Even when it is possible to codify knowledge, and write it in a form that
makes it easy to send to others, signiftcant difficulties in exchanging technical information remain, and these
difficulties can drive clustering. The literature on technology development discusses these issues in some detail
(Rosenberg [1990]; Cohen and Levinthal [1989]; Gambardella [1992]; Pavitt [1993]). A large body ofliterature
documents the fact that even when two firms want to share knowledge, there are high costs of doing so
(Williamson 1985; Teece 1981; Teece et al. 1988, for example). The difftculties are much greater, of course,
if one firm is trying to prevent the other from using its knowledge.

A nicely documented example in a situation in which the agents are in principle sharing and actively diffusing
their information occurred during the development of the laser. Collins et al. (1987) show that after reading the
published accounts ofhow the :firstlasers were constructed, no one could duplicate the project. Only after talking
with the scientists involved in the original work were others able to build lasers oftheir own. This example shows
that even good documentation may be an insufftcient basis for technology transfer. Signiftcant amounts of tacit
knowledge (often know-how) are needed to be able to understand what is written down or built. Industries in
which information and know-how are important inputs are more subject to this kind of pressure toward clustering.

Clustering as Lock-In

Ifwe thinkofdifferent locations as competing with each other to attract participants in the industry, we can see
that the tendency toward clustering can lead to a form of locationallock-in. The discussion in the previous para­
graphs suggests several important sources of increasing returns to locational choices. Thus if one location gets
ahead, it will look better than other locations in those regards. This will drive down the costs at that site, and
attract more activity to it, which is a feedback of the type that creates a self-reinforcing system. This is the same
kind ofprocess that drives technological lock-in. It is thus possible that the geographic pattern ofproduction can
become locked in, and after that change only very slowly.

We now turn to a discussion of how the concepts of technology lock-in and clustering-or supplier lock-in­
apply to renewable energy. We begin with a brief overview ofrenewable energy markets.

6 Of eight ways of acquiring knowledge, technical workers ranked "visit knowledgeable person
more than 20 miles away" last in preference (Sweeney 1987, p. 138, quoting Rosenberg 1967).
The probability of two people communicating at least once a week is about 0.98 percent if their
locations are 2 meters apart, but falls to 0.06 percent at a distance of 50 meters (Sweeney 1987,
p.141).
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The Potential Market for Renewable Energy

Renewable technologies face an uncertain future marketplace. As shown in Figure 2, the range of estimates for
the value of the renewable electric market is quite wide.

210 ,-------------------71

Source: Johansson et al. (1995), Shell (1995), U.S. DOE (1995)

PotBntial Value of R_ble Electric Industry

The top of the range in Figure 2 is de­
rived from a recent scenario developed
by Shell. EIA (1996) provides a very
conservative estimate, shown at the
bottom of the range in Figure 2. Even
using EIA's conservative figures, the
renewables market worldwide will am­
ount to some $10 billion per year by the
year 2010. Several studies, including
Shell's, project renewables markets an
order ofmagnitude larger than this." A
complete consideration of the markets
for village power and other applications
not connected to utility grids could
increase these estimates substantially.
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Figure 2

The wide range offorecasts for renewablesrepresents our first hint that they may be subject to positive feedback
and thus to lock-in. Markets prone to lock-in are difficult to predict, because the outcome depends strongly on
factors that are very difficult to measure. Further, small differences in assumptions made in the prediction­
assumptions about, for example, growth rates of energy demand, rates of technological progress, the price of
oil-s-can be magnified into large differences in the outcomes of the process. Because, as we will see presently,
renewable technologieshave characteristicsthat make them prone to lock-in, it is difficult to predict the outcome
ofeither the competitionbetween renewablesand conventional technologies, or the competition between compet­
ing renewable technologies. It is also difficult to predict the outcome of ongoing competition between suppliers
ofemerging technologies. This difficulty in particular has strong implications for renewable energy markets.

7 BTM 1995; Johannsson et al. 1993; Kassler 1994; WEe 1993.
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National Economies in the Renewables Marketplace

Photovoltaic Shipments by Country
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Figure 3 illustrates the recent history ofworld photo­
voltaics (PV) supply markets. This history illustrates
two important points about renewables markets.
First, the market is concentrated: The combined
market share of U.S. and Japanese firms has never
been less than 60%, and has been increasing during
the past few years. At the same time, market shares
have fluctuated significantly. The United States and
Japan have traded places as the world leader twice
since 1982. U.S. market share has been insignifi­
cantly low (before the period shown in Figure 3), and
reached a peak in the early 1980s, at more than 60%.
In 1995, U.S. firms supplied 42% of the world PV
market.

Source: PVNews, various issues

Figure 3

U.S. FV Market Share and Federa' Budget
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Figure 4 shows the evolution of the U.S. market share of
the PV industry over time. The graph also includes U.S.
government R&D budget for PV technology, suggesting
that R&D efforts have a significant impact on the market
for this rapidly changing,knowledge-intensive technology.
We will return to the issue ofR&D strategy presently.

Source: PVNews, NREL

Figure 4
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Figure 5 describes the international wind market. 8

Here we see what may be the beginning of supplier
lock-in by one country. Although the United States
has maintained a significant market share in wind
power, Danish manufacturers have been the dominant
producers in this market, partly because of significant
Danish government support. Recent events, which
might come under the heading of "historical acci­
dents," cast significant doubt on US. prospects in
this competitive marketplace."

Figure 5

Wind Power Market
Annual Sales, 1994

Source: BTM (1995)

8

9

The figures for Danish, German, and US. firms include only firms withinthe top 12 in 1994
wind power sales. All others are included under "other," including some smaller firms from
these three countries.

The term historical accident borrows from the title of a paper by Brian Arthur, and describes
"random" events in the early history of a market which, under lock-in dynamics, can have
significant impacts on the eventual outcome. In this case, the only US. firm included in the
12 largest producers in 1994 was Kenetech,which held about 15% of the world market. During
1995, Kenetechturbines experienced a number of technical problems. A loss of confidence led
to a 90% decline in the value of Kenetech's stock and a severe cash-flow crisis, raising the
prospect ofbankruptcy for the firm.
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Lock-In in Renewables Markets

Two points from the discussion just above have important implications when we consider renewable energy
markets from the point of view of positive feedback and lock-in. First, the markets are potentially very large
(Figure 2). Second, these markets are unstable, as leading technologies, firms, and countries change rapidly (e.g.,
as seen in Figure 3). Thus, the competition is ongoing in these markets. These market characteristics suggest
that renewable energy markets are still malleable. At this early stage, they may be amenable to strategic
influence, but at later stages they may not be.

This observation in tum reinforces the strategic importance ofR&D efforts on renewable energy for two reasons:
First, R&D can have significant impacts during the stages oftechnology development in which technologies are
rapidly changing and improving, and during which market patterns are still being established (Figure 4). Second,
R&D efforts can produce intellectual property that can be at least partially protected, and thus put to the service
ofthe national economy.

Technology Lock-In

Lock-in ofexisting technologies clearly exists in today's energy markets, and examples are easy to fmd. Cowan
(1990), and Cowan and Hulten (1996) discuss two: the dominance ofthe light water reactor in the nuclear power
market, and the lock-in of the internal-combustion, gasoline-powered automobile in the personal transportation
market. Although we take these established technologies for granted today, both had serious competitors in
earlier phases of their respective markets.

Fossil-fueled technologies in the electricity sector can also be seen to be locked in. These conventional technolo­
gies enjoy the benefits of a long history of efficiency improvements that have reduced the unit cost of electricity
by several orders ofmagnitude. (For a fascinating recounting of this technology history, and how it led indirectly
to serious financial problems in the utility sector during the 1970s, see Hirsh [1989].)

Many renewable technologies are at a stage ofrapidly decreasing costs, and a good case can be made that costs
could be decreased much further with economies of scale, and perhaps more importantly with cumulative
production experience." The lock-in of conventional technologies persists partly because there is no way for
future renewables users, who would benefit from lower costs, to compensate early adopters of renewables, who
would have to pay higher costs.

Uncertainty also plays a role in maintaining the lock-in of conventional technologies. Because conventional
generating technologies have such a long history and are so well understood, the relative uncertainty about the
attributes of renewable technologies creates a barrier to entry. As seen in Cowan (1991), competitive markets
will provide less than the optimal amount of experimentation with less-well-known alternatives. Anecdotal
evidence from renewable markets also suggests that experimentation is undersupplied in these markets. Although
experimentation with emerging technologies would yield valuable information, there is no market mechanism to
compensate early adopters ofrenewables for providing this information.

This uncertainty can also contribute to difficulty in fmancing renewables projects. Renewables projects rely to
agreat extent onproject financing provided byoutside investment banking concerns. Uncertainty about future
technology performance, and about future market size, can make this external fmancing more difficult to obtain.
In addition, firms in the renewables industries tend to be small and have little credit history. These conditions

10 See WEC (1993) and Johansson et al. (1993), for example.
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can lead to an imperfectly functioning creditmarket that also decreases the amountof"experimentation"with
renewable and energy-efficiency technologies.

In addition, several policies, designed primarily for otherpurposes, helpmaintainthe lock-inof established energy
technologies. In the United States, for example,conventional technologies receivemany significantdirect and
indirect subsidies, and special tax treatment. In addition, regulatorytreatment of the electricutility sector has
tended to discourage experimentation withemerging technologies. The restructured,more competitive electricity
industrywill do little to improvethe outlookfor renewables in this respect.

Clustering in Renewables Markets

Renewable technologies also have several characteristics that suggest that manufacturingand related R&D for
these technologies may cluster in a few locations. While clustering is not visible in many of these industries
currently, there are several reasonsto suspect that it coulddevelop as these markets expand.

First, many of these technologies are currentlyexperiencing periods of rapid learning: costs are dropping and
performance is increasing." Aswehaveargued above, rapidlearning can promote lock-in; it can lead to the lock­
in of a leadingmanufacturer as well as a leadingtechnology amongcompetingalternatives.

Second, renewable technologies areknowledge-intensive. For example,wind turbines rely on speciallydesigned
blades constructed of specialized materials. Wind turbines also require sophisticatedcontrol systems to operate
in varying wind regimes (and even to survive in the peak wind conditionsthat occur at good wind sites). PV
manufacturers face many subtle materials-handling issues in constructingmodules, and the quest for lowerPV
costs continues to pushthisenvelope. Other renewabletechnologies also face difficult and specializedtechnical
problems. Where this degreeof specializedknowledge is required, communities of technicalworkers tend to
develop, and to cluster in small geographic regions, as discussedabove.

Many renewable technologies are also in an early stage of development. During these stages of rapid progress,
specialized andoftentacitknowledge-human capital-plays an especiallylarge role in keepinga firm competi­
tive in the marketplace. The importance of knowledge increases the value of locating near other firms that
produce the same technology, therebyincreasingthe tendency toward clustering.

Interactions withusers of renewable technologies will continueto be a key source of improvements in the tech­
nologies. Theimportance of this interaction will be enhanced by the fact that renewableresourcesdiffer signifi­
cantly betweenregions. Thus, experience in one regionmay not be easily transferable to other localities. This
inherent regionality could leadto itsownformof clustering, or it could reinforceclusters of manufacturers already
formed by other considerations.

Wecansee,then, that renewable energymarkets are potentiallysubject to two significanttypes of lock-in: the
existing lock-in of conventional energytechnologies, and the prospective lock-inof renewableenergysuppliers.
Eachof these market dynamics has significantimplications for policy.

11 See Johanssonet al. (1993), WEe (1993), World Bank (1994).
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Policy Considerations

Policies to Mitigate Existing Lock-In

Several closely related difficulties impede the introduction of a new technology. One difficulty is coordination.
In some situations, benefits can be gained from changing technologies but the benefits only accrue if everyone
makes the change. There can be sequencing problems, though, since no one wants to be the first to switch­
everyone has to switch at once. This is a simple illustration ofnetwork externalities. The role for policy here is
obvious and has been used successfully in several cases. To increase exports and decrease the price of cars during
the 1960s, Sweden switched from driving on the left-hand side of the road to driving on the right. It was done
on a single dey." Railroads in the southern United States changed the gauge of 14,000 miles oftrack in a single
weekend. The U.S. annywas brought out to help. (See also Cowan and Gunby [1996] for a discussion of similar
coordinating policies in agricultural pest control.)

The second difficultyin switching is leaming or dynamic increasing returns. The issue here is not one of coordi­
nation, but that the alternative (non-locked-in technology) is underdeveloped. Any agent who switches to a new
technology, even ifthere is no coordination issue, will suffer through a period of low payoffs while the technology
is improved. Market participants individually perceive this period of low returns to be a cost that is larger than
the benefit of switching to the alternative (presumably superior) technology.

The third difficulty contributes to the second. As discussed, the problem with switching to a new technology is
that the early users pay the development costs, from which all future users benefit. But there is no market mecha­
nism by which the future users can compensate the early users for the costs of developing the technology. This
will be a problem especially if the technology turns out to be long lived (such as the automobile). Thus the ab­
sence ofa market can create a situation in which even though the total "costs" of switching technologies (costs
in terms of the early adopters suffering through a period of low payoffs, that is) are small relative to the total
benefits ofa global switch, the economy is stuck on an old technology. Again, policy can be used to mitigate this
effect of a missing market.

Finally, there may be other causes of inertia in the technological system. In energy markets, there may be exter­
nalities; e.g., we suddenly know about greenhouse gases, but no one is paying for the damage they do. (A tax on
pollutants also creates an incentive to change the technology.) Another reason has to do with the social discount
rate. There is also a standard argument that the social discount rate is lower than the market rate. This difference
makes investments that the market sees as unprofitable the right thing to do from the social point ofview.13 This
is sometimes called the "future generations argument."

The arguments given in the previous paragraph are familiar market failure arguments, which apply in the absence
oflock-in effects. However, in the context oflock-in, the focus does change. The mechanics ofmarket lock-in
make it difficult for a new, and potentially superior technology to enter the market, not only for traditional reason,
but also because of dynamic increasing returns. These market barriers are unlikely to fall of their own accord.

12 In fact, to make sure that as many people as possible switched sides of the road at the same time,
the switch was undertaken not in the middle of the night, as one might at first think, but at rush
hour. For a theoretical discussion of this sort ofphenomenon see Farrell and Saloner (1985).

13 Baumol (1995) makes a case for government support ofR&D in environmental control technologies,
broadly construed, precisely along these lines.
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This discussionsuggests that there are serious difficulties in overturning an entrenched technology. It maybe
extremely difficult for renewableenergy technologies to fmd a significant presencein the market, optimistic
forecasts of Shell notwithstanding. Butnewtechnologies dopenetrate locked-inmarkets in some cases. General­
izingfrom a variety of case studies, there are six factors that can contribute to overturning a (quasi)lock-in, and
severalof them have implicationsfor policy."

Crisis in Existing Technology

The entrenched technology starts to fail. That is, it cannotperformthe expectedfunctions for some reason,or
the costs of using it go up. This is currentlynot an issue for energytechnologies, so policy considerations are
not affected by this possible means of escape from lock-in.

Regulation

Regulation has oftenbeenused: (1) as a coordinating device to make it possible for all agents to coordinate their
technology choicesand take advantageof externalityeffects (see for example Cowanand Gunby [1996]); and
(2) as a forcing mechanism, e.g., the California Air Resources Board clean air/auto pollution legislationin
California, whichrequires the introductionof low-pollutionvehicles.

In dealingexplicitlywith an existing lock-in situation, policymakers could simplywrite legislationsimilar in
spirit to the Californiaautomobileemissionlegislation. This is easiest to justify (and obtain consent to) in the
case of pure coordination. In such a case all will be immediately better off, but only if all make the switch."

Technological Breakthroughs

.Thispossibility canbe thought of as a reductionin the cost of using the emergingtechnology. An imaginedone
allowed theentryof nuclear powerintothe generationof electricity (Cowan 1990); a real one allowedintegrated
pestmanagement to be usedin the Israeli citrus industry (Cowanand Gunby 1996); a real one alloweda change
in thetechnology offerrous casting in Germany(Foray and Gruebler 1993). Technological breakthroughs may
be occurring in renewableenergy as new technologies emergeand old ones are improved.

Policy cannot produce technological breakthroughs, but it can facilitate them.I 6 It can support research directly,
both basic research into materials and technological infrastructuredone in open research institutions such as
universities and national laboratories,17 and more applied researchinto product types and generictechnologies.
Policy can also make potential breakthroughs more profitable. Here other aspects of policy come into play.
Breakthroughs areprofitable whenthecostsof producing themare relatively small, and the benefits are relatively

14 This sectiondraws on Cowanand Hulten (1996).

IS Cases that are close to pure coordinationare legislationconcerning the agricultural methodsused
by cotton growers in Texas and North Carolina(separately); and in the citrus industry in Israel.

16 See Babiuch et al. (1996).

17 See Tassey (1992).
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large. There may be policies that implicitlyfavor the existing technology." Estimates of implicit subsidies to
energy technologies suggest that renewableenergytechnologies are at a disadvantage in this respect.

Niches

A marketnichededicated to a new technologycan help, but it must display specific features if it is to encourage
strongpenetration of the new technology. The niche must be a dynamicone. It must have active users putting
pressureon producers to improvethe product, anddeveloping their own innovations. (This feeds point 3 above.)
The niche must be outward looking-trying to attract new demanders on the one side, and looking outside for
sources of innovations and cost reductions on the other.

Policycancreatemarketniches. For example, most sales of electricvehicles in Europe are to municipalities. In
a similarway,government couldsimplybuypowerfromrenewables in places where renewables are inexpensive,
nonrenewables areexpensive, or the environment is sensitive (which implies that the social cost ofnonrenewables
is high). Policycan alsosupport niches less directly. For example,Nutech is an agencyin Swedenwhose man­
date is to bring together demanders and suppliers ofnew technologies. It provides many services such as tech­
nology assessment (testing and information provision), which is costly early in the life of a technology."

"GreenMarketing" programs provideanother wayto exploitthe niche idea. These programs function essentially
by brokering contracts between users who want environmentally sensitive energy and developers of renewable
energy projects. This brokering can take a variety of forms. The goal is to increase the viability ofparticular
niches, namely those that express a strong demandfor "green" energy. If the program successfully fosters this
nicheamonguserswhohave a very strongdesire, the learning and scale effects in production will lower the costs
of renewable energy, attracting users withweaker demand for environmentalfriendliness to adopt the technology.

Changes in Taste

Ifusers preferences change, they may want a technologythat has different features. This will provide an oppor­
tunity for new technologies that are very efficient in servicing the new tastes. A possible example of such a
phenomenon is the newWeb computerbeing marketed by Oracle and others that could potentially challenge the
dominant personal computer technologies.

Thescopefor policyhereis limited. Thisroleshouldprobablybe restrictedto providing information. Sometimes
this provisionis passive, for example by maintaining a database on technologies,who is developing them, how
the marketis evolving, and so on. At other times the information provision should be active. We have in mind
herehow a policymakermightrespondto point 6, below. If new scientificdiscoveries have implications for the
socialcostsof various technologies, this information shouldbe made public. It can be the case that no individual
agent has the incentiveto do so, in which case the role falls to policy.

18 Agricultural policies such as set-aside payments are often based on yield. This is not an issue if
all technologies effectively maximizeyield. But if a technology is economicallysuperior but has
lower yield, it is at a disadvantageunder the policies based on yield.

19 Later in the lifeof a technology, assessment becomes much less important as there has been enough
experience that it is relatively clear which technologies are the better ones. But early, explicit
assessment is necessary, and because typically the number of active participants in the market is
small, there is difficulty transmitting experiences among participants. Here a policy can be
effective.
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New Scientific Results

Changes in our scientific knowledge often provide better measures of external effects ofvarious activities. These
may raise questions about the social efficiency of dominant technologies. Today, the most obvious example has
to do with the effects technologies have on the environment.

Policy can help generate new scientific results by supporting or commissioning research, e.g., research on oil
reserves and renewable resource availability. It can also encourage the scientific community to help actively and
explicitly evaluate the entire bodyofevidence. This is often not done explicitly in the normal course of science.
At least, it might be fair to say that usually there is not a concerted effort to say "what do we know today, about
topic X?" However, one example is the recent report of the Intergovernmental Panel on Climate Change, which
was the result of a long study by many climatologists on the evidence regarding global warming.

Another very useful role for policy is to help develop a bridge between the hard sciences and social sciences.
There is often a difference between the analysis ofa phenomenon from a strictly physical point ofview, and from
an economic or social point ofview. The former is important, but policy is based on the latter. Of course, it is
impossible to do the latter without significant knowledge about the former. Thus part of the difficulty in formu­
lating policy is that it necessarily involves considerations drawn from both the hard and social sciences. For
renewable energy technologies, one issue would be to measure the economic value of the externalities using
engineering measurements ofhow big the physical externalities are. It is notoriously difficult to generate inter­
disciplinary research ofthe kind that would be required to do this in the best possible way. This issue must be
addressed not only in the context of renewable energy, but also as a general policy.

The foregoing has been concerned with overturning technological lock-in. We tum now to the second issue,
namely, clustering.

Policy Implications of Clustering

As the market for renewable energy emerges, there will be a competition for market share as there is in any new
market. What does the positive feedback literature say about this? We have seen that renewable technologies
have several characteristics that make them prone to lock-in. Here we focus not on the competition among
technologies, but rather on the competition between firms or national economies.

With the globalization of the economy, and falling trade barriers, policy must address two possibilities: that
foreign concerns might capture the domestic market, and the other side of the same coin, the possibility that
domestic firms might capture the world market. Early movers have an advantage, so the goal ofpolicy must be
to encourage domestic firms to be able to enter the market quickly, and to export aggressively to build a large
committed installed base ofusers, thereby creating an unassailable position. The quality of the technology is less
important (within limits ofcourse) than is getting to the market first. (The last statement must be regarded care­
fully. In a young market there will be considerable fluidity about which firms are the leaders in the field. Leader­
ship position will be driven partly by the perceptions of the users of the technology. A catastrophic failure, such
as the recent Kenetech wind turbine blade failures, can have a dramatic impact on the perceptions ofusers, and
thus on the standing of a firm in the market.)

This argument is logically sound. But we must ask the question why, then, were the Japanese, relative latecomers,
able to capture the market for electronic consumer devices? There are two responses. First, in one sense they
did not. Many ofthese technologies are not Japanese but are, largely, American. So American technologies won
the competition, though American:firms may not have (although this is cold comfort to American manufacturing).
Second, the argument above does not distinguish between technological development and standardization, and
the production of goods based on those technologies. The argument must then be elaborated.
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Imagine the following scenario. CountIy A, wanting to become a major supplier of renewable energy technolo­
gies, initially adopts no specific policy in this area. Other countries adopt policies supporting renewable energy
in various ways (perhaps in ways similar to those adopted by the Danish government to support wind power).
Firms of other countries develop technology and markets quickly, supported by these policies. Now firms in
countIy A use the research and market development work done by firms in other countries, then enter the market
late, but successfully capture market share by using the work of the early entrants. This sounds like an ideal
scenario from the point ofview of firms in countIy A.

However, this scenario contains a fatal flaw, and uncovering this flaw will also reveal some insights about the
potential role of policy. To come second successfully a firm must exploit and improve on the work of other
firms. In a market in which technologies are emerging, this means in the first instance exploiting the technologi­
cal knowledge produced by others. But to do this, a firm must already have invested in human capital, so that
its employees are up to speed in the technology and can understand what others have done. In the second
instance, improving what others have done, firms must have a source of improvements. Typically, for a new
technology, many important improvements to the technology come from its users, who provide information and
ideas about the technology that allow suppliers continuously improve it. Thus for a successful industIy to emerge,
there must be a vibrant community of researchers, producers, and users, within which information about the
technology, its properties, its uses, and its features flows freely and quickly. We have already discussed the
difficulties of exchanging information, and the role these difficulties play in creating geographic clusters of
economic activity.

It is well documented that scientists and engineers in different firms address these difficulties by actively trading
information about the processes and technologies on which they are working (Von Hippel [1987] and Schrader
[1991]. Schrader discusses information trading among technical managers of competing steel mills.) But in all
cases, the issue of credibility is vital to the information being given. Any participant in such a trade must be
perceived as serious and a possible source of information himself. The only way to do this is to have generated
such information. This observation implies that firms must keep up to speed with emerging technologies, even
ifthey wish to adopt the "coming second" strategy. Without keeping up to speed, even coming second will not
be possible. But simply pursuing R&D will not suffice.

The difficulty with pursuing this policy in isolation is that, especially in a new technology, users play an important
role in creating new technological changes. In a study of the machine tool industIy, Von Hippel (1976) found
that fully 80% of significant improvements to products were invented, prototyped, and field tested by users rather
than by manufacturers. While the machine tool industry might for some reason be a special case, Rosenberg
(1982) argues that technical change generated by use of the technology is a widespread phenomenon. Thus
"[h]igh quality market information may be as important as basic research for a marketable technology" (Rycroft
and Kash 1984). This implies that an industIy in which technology is still evolving, must forge a close relation­
ship between users and producers. A producer who is not tightly connected to the community ofusers will not
successfully produce products that are technologically and economically viable.

Thus in order for a knowledge-intensive industIy to thrive and compete with industries in other countries, a com­
munity of agents must exist. The agents must be present in all stages of the development, production, and use
of the technology, and important information must pass freely among them.

Policy then, should promote a community of agents involved in the technology-researchers, producers, and
users-all of whom are well connected with each other. Perhaps this could be an international community, in
which users may be located throughout the world while at least some producers are in the home countIy.
Research on the flow of ideas suggests that this would be a difficult strategy to carry out successfully. In
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emphasizing the importance of the flow oftacit knowledge, both Patel and Pavitt (1991) and Porter (1990)
emphasize the importance of the physical proximity of agents."

These observations suggest that interactions between domestic users and domestic suppliers could be a key
element in the success of a national renewables industry in international markets. Domestic markets will be an
essential part of the basic technology development, because the feedback from users to manufacturers can be
readily exploited. These continuingtechnology developments will contribute strongly to the global market share
of domestic firms. In view of this, the fact that international markets may be larger than domestic ones in the
short run increases rather than decreases the importance of a viable domestic market.

Again, it is important to emphasize that this discussion does not imply that policy makers must pick winning
technologies. Governments do not know any more about the best choice of technologies than do private sector
agents. On the contrary, the above argument suggests that there is value in creating conditions that will encourage
and support communities oftechnical workers, which can have significant advantages in choosing the best tech­
nologies and technical approaches for themselves.

20 See note 4 and the accompanying discussion.
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Concluding Remarks

The idea oflock-in provides insight into situations in which policy action may be beneficial. One kind of case
involves escaping existing lock-in situations, such as the present position of conventional energy technologies
in many markets. An examinationofthe dynamics ofthese markets illustrates that new technologies face barriers
that are inherent in the structureofthe market. Free markets will generally undersupply "experimentation" with
new technologies that would provide valuable information about their costs and performance. This perspective
suggests some factors that can help overcome existing lock-in situations, some of which can be enhanced by
policy initiatives.

A related phenomenon helps explain why certain industries cluster in geographic regions. Understanding this
tendency helps explain how some countries have successfully advanced the position of certain industries in their
national economies through conscious efforts at coordination and by nurturing key technical communities.
Efforts withinthe existing scope ofgovernment involvement in renewable energy could exploit this effect, helping
to nurture a competitive and successful renewable energy industry.

We have shown, then, how renewables are subject to two forms of the lock-in dynamics. Conventional energy
sources are already locked in,e.g., in the electricity generation market. The second lock-in dynamic is the poten­
tial capture of global renewables markets by foreign suppliers. The discussion illustrates how policy could be
useful in both situations. One striking conclusion is that domestic renewable applications could play an essential
role in the success of a host country's firms in international markets, through their contribution to ongoing
technological advances.
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